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Available online 15 July 2016Grasslands have potential to mitigate against climate change because of their large capacity to store soil organic
carbon (SOC). However, the long-term impact of grassland management such as burning, which is still common
inmany areas of theworld, on SOC is still a matter of debate. The objective of this studywas to quantify the long-
term effects of annual burning on CO2 output from soils and SOC stocks. The study was performed on a 62 years
old ﬁeld trial comparing annual burning (AB) to no burning associated with tree encroachment (NB), and to an-
nual mowing (AM) with all treatments laid out in randomized block design with three replicates per treatment.
CO2 emissions from soil were continuously measured over two years and were correlated to soil chemical and
physical properties. AB and AM produced 30 and 34% greater CO2 emissions from soil than NB (1.80 ± 0.13 vs.
2.34± 0.18 and 2.41±0.17 g C-CO2m−2 d−1 for NB, AB and AM respectively). AB and AM also produced greater
CO2 emissions from soil and per gram of soil carbon (1.32±0.1 and 1.35±0.1mgC-CO2 g C
−1 d−1, respectively)
thanNB (1.05±0.07mgC-CO2 g C−1 d−1), which corresponded to signiﬁcant differences of respectively 26% and
29%. Overall, CO2 emissions from soil (perm2) signiﬁcantly increasedwith soil water content (r= 0.72) followed
by SOC stocks (r = 0.59), SOC content (r = 0.50), soil bulk density (r = 0.49), soil temperature (r = 0.47), C:N
ratio (r= 0.46) andmeanweight diameter (r= 0.38). These ﬁndings suggest that long-term annual burning in-
creases CO2 output from soils. Additional greenhouse gases emissions from burning itself and alternative grass-
land management techniques were ﬁnally discussed.
© 2016 Elsevier B.V. All rights reserved.Keywords:
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Carbon cycle1. Introduction
Grasslands cover approximately 40% of the earth's terrestrial surface
area and play an important role in the global carbon (C) cycle by storing
about 10% of the global soil C stocks (Suttie et al., 2005). Additionally, in
grasslands soil organic C (SOC) concentration is higher at the soil sur-
face, which may turn the C to the external factors such as climate and
land management. Fire is the most common anthropogenic grassland
management practice, used since the early Holocene (Behling and
Pillar, 2007), because of easy application in difﬁcult terrains and onpour le Développement (IRD),
UMR 6159 CNRS/IRD/UPMC/
arth& Environmental Sciences,
-Natal, Scottsville, 3209, South
dalla), vincent.chaplot@ird.frlarge areas. However, other practices likemowing, grazing and fertiliza-
tion are also in use (Blüthgen et al., 2012; Peng et al., 2011). All these
grassland management practices have potential to inﬂuence soil C
stocks and eventually CO2 emissions from the soil to the atmosphere
(Peng et al., 2011; Granged et al., 2011; Jia et al., 2012).
Burning is a common practice used for increasing fodder production
and quality, whilst avoiding bush encroachments (Tainton, 1999). It re-
sults in increased biomass growth period and biomass production
(Ojima et al., 1994), while at the same time improving grass cover and
biodiversity (Boakye et al., 2013). This grassland management practice
can have negative consequences on soil chemical, physical and biologi-
cal properties (Andersson et al., 2004; Granged et al., 2011). Burning
causes a general decline of SOC through combustion of soil organicmat-
ter (SOM) in the upper soil layer (Granged et al., 2011). For example,
Granged et al. (2011) reported a 35% reduction in SOM after three
years of burning with signiﬁcant changes in soil physical properties,
leading to increased water repellence. In addition, the high soil temper-
ature (ST) and low soil moisture content (SWC), during ﬁres, causes a
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(Nardoto and Bustamante, 2003; D'Ascoli et al., 2005). Moreover, be-
cause of greater root and tuff density at the soil surface frequently-
burned grasslands have the tendency to show detritus accumulation
on the topsoil compared to non-burned shrubby grasslands and trees
(Ansley et al., 2002). This, together with an enhanced mineralization
of SOM (Singh et al., 1991), highly affects CO2 efﬂuxes from soil.
Several studies have reported lower CO2 emissions from soil in no
burn (NB) than burned grasslands (e.g. Knapp et al., 1998; Rutigliano
et al., 2007; Ward et al., 2007; Xu andWan, 2008). For instance, Knapp
et al. (1998) reported that annual burn (AB) for 17 years in eastern Kan-
sas region, USA, resulted in 55% greater monthly CO2 emission from the
soil than in NB treatment. Similarly, Xu and Wan (2008) reported
23.8%more CO2 emission in AB thanNBon sandy soils of semiaridNorth-
ern China over two growing seasons,whereas Jia et al. (2012) reported in
the same region 11% lower emissions with NB compared to AB but for
only one growing season. Castaldi et al. (2012) also reported less CO2
emissions from unburned compared to burned plots in central Africa.
Mowing is also regarded as an improved grassland management
practice (Zhou et al., 2007; Hamilton et al., 2008), which can result in
a decrease of the CO2 emissions from soils (Bahn et al., 2006) by 20–
50% compared to burning (Wan and Luo, 2003). However, the reasons
for such a decrease are unclear. Wan and Luo (2003) explained it to
be due to a decrease in photosynthetic C supply from aboveground bio-
mass. Bahn et al. (2006) suggested that it could be a result of the deple-
tion of easily available C substrates for the microﬂora. Nevertheless,
others studies stated that mowing results precisely in an increase of
rhizodeposition, soil microbial biomass and labile C (Zhou et al., 2007;
Hamilton et al., 2008), which might suggest increased CO2 emission
from the soil. Therefore, the underlying reasons for mowing effect on
CO2 emissions from soils require further elucidations.
Both mowing and burning also impact the land cover evolution. In-
deed, bushes often encroach into grasslands where neither burning
nor mowing are applied (Trollope, 1980; Tainton, 1999; Montané et
al., 2007). Montané et al. (2007) reported an increase of soil C stocks
in the upper soil layers (top 15 cm depth) following shrubs encroach-
ment into grasslands. Wang et al. (2013) also found an increase of soil
C storage by shifting from grassland to woody plants.
While numerous studies exist on the impact of grasslands burn-
ing on CO2 emissions from soil and soil C stocks, the existence of dis-
crepancies between these limits decision making on grassland
management. These studies show inherent limitations, related to
their short duration, which long-term experiments might allow to
overcome. In this study, 62-year annual burn and mow were com-
pared against no burn treatment in an African Savanna. The no
burn treatment was characterized by encroachment of large trees.
Our main objective was to evaluate the impact of annual grassland
burn management on SOC dynamics (C-stocks and CO2 emissions
from soils) and their factors of control.2. Material and methods
2.1. Study area
The experimentwas conducted atUkulinga Farm, the training and re-
search farm of the University of KwaZulu-Natal, Pietermaritzburg, South
Africa (24° 24′E, 30° 24′S) (Fig. 1). The experimental site is located on top
of a small sloping plateau ranging in altitude from 847 to 838 m (Fynn
et al., 2004). Soil depths vary from 0.05 m in the upslope to 0.20 m in
midslope and 0.6 m at the footslope, and were classiﬁed as Plinthic
Acrisols (WRB-FAO, 2006). The parent material is colluvium shale with
intrusions of dolerite. The soil is acidic with a pH (KCl) of 5.5 at the
top-soil and its texture is silty clay loam(37% clay, 43% silt and 20% sand).
The climate is sub-tropical humid and characterized by warm and
wet summers (October–April), and cool and dry winters (May–September). Long-term (30 years) mean annual temperature and pre-
cipitation at the farm were 16 °C and 694 mm, respectively.
The native vegetation of the study area is dominated by the southern
tall grassveld, which produces dense vegetation with plant heights
ranging between 0.5 and 0.75 m (Fynn et al., 2004). Depending on the
grassland management, some scattered trees, for instance Acacia
sieberiana and some grass species such as Themeda triandra and
Tristachya leucothrix are also found (Fynn et al., 2004). The native
grass species (e.g. Themeda triandra and Tristachya leucothrix) all use
the C4 photosynthetic path (Fynn et al., 2005).
2.2. Experimental design
The experiment involved three treatments namely; no burn (NB),
annual burning (AB) and annual mowing (AM). There has been neither
burning nor mowing in the NB since 1950, and these plots are now
encroached by densely spread trees of Acacia sieberiana species. Long-
term annual burning (AB) involves the burning of grass in the 1st
week of August every year since 1950. At the time of study, the AB
plotswere dominated by sparse Themeda triandra grass. In the AM treat-
ment, the grass is cut at the same time as burning and thematerial is re-
moved from the treatment plots. All treatments are replicated three
times by slope position (upper, mid and footslope) in a randomized
block design and the plots sizes are 18.3 × 13.7 m spaced by 4 m side-
walks. The three treatments (NB, AB and AM) were represented once
in three slope positions (replicate 1: upslope; replicate 2: midslope
and replicate 3: footslope). There was no grazing at the experimental
site since it was established in 1950. More details about the experimen-
tal site and design can be found in Tainton et al. (1978).
2.3. Soil sampling and analysis
Soil samples for evaluation of SOC content (SOCc) and soil organic
nitrogen content (SONc) were collected once (at the beginning of the
second year) in each plot at three randomly selected pits (0–0.2 m
deep). The samples were air-dried for 48 h, then gently ground and
sieved through a 2 mm sieve. Total C and N were measured in the soil
samples using LECO CNS-2000 Dumas dry matter combustion analyzer
(LECO Corp., St. Joseph,MI). On the same day additional soil samples for
bulk density (ρb)were also collected from each plot in themiddle of the
0–0.2 m layer using 7.5 cm diameter metallic cylinder core with the
height of 5 cm. Soil ρb was determined using the core method where
the ratio of water content corrected mass to volume was computed
(Grossman and Reinsch, 2002).
SOC stocks (SOCs) were calculated using the following equation
(Batjes, 1996):
SOCs ¼ SOCc ρb T 1− PF
100
 
b ð1Þ
where SOCS is SOC stock (kg Cm−2); SOCC is soil organic carbon content
in the ≤2 mm soil material (g C kg−1 soil); ρb is the bulk density of the
soil (kgm−3); T is the thickness of the soil layer (m); PF is the proportion
of fragments of N2 mm in percent; and b is a constant equal to 0.001.
The nitrogen stocks (SONs)were calculated using the same equation
(Batjes, 1996), replacing SOCc by the soil nitrogen content (SONc).
Water stable soil aggregates were separated using wet sieving
methods described by Elliott (1986). Field moist soil samples were
sieved through an 8 mm sieve and air-dried. A subsample of 80 g was
placed on a 2 mm sieve and submerged in water for 5 mins followed
by wet sieving for 2 mins. The wet sieving process involved moving
the sieve up and down 50 times. The materials remaining on the
2mm sievewere collected by backwashing the sieve into a pre-weight-
ed drying pan. Eventually, four aggregate size classes were collected
from each treatment (2, 0.25–2, 0.053–0.25, and N0.053 mm), by re-
peating the wet sieving procedure using 0.25 mm, and 0.053 mm
Fig. 1. Location of the study site in SouthAfrica and selected treatments (NB; no-burning, AB; annual burning andAM; annualmowing) and their replicate (R) in eachplot (R1: upslope, R2:
midslope and R3: downslope position).
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gregate for each treatment was calculated using the following equation
(Kemper and Rosenau, 1986):
MWD ¼
Xn
i¼1
XiWi ð2Þ
where Xi is the mean diameter for each fraction size, Wi is the pro-
portional weight the fraction from the total dry weight of soil used,
and n is the number of aggregate classes separated.
2.4. Measurements of CO2 emissions from soil
CO2 emissions from soil were measured once a month from March
2013 to March 2015 with ten measurements per plot using LI-COR
6400 gas exchange system (LI-COR, Lincoln, NE, U.S.A) ﬁtted with the
LI-COR 6400–09 soil respiration chamber. The closed chamber system
has an internal volume of 991 cm3 and soil area of 71.6 cm2 (Healy etal., 1996). We evaluated the sample size necessary to estimate CO2
emissions measurement points within the plot with a standard error
of ±10% of the mean as in Eq. (3) below:
n ¼ CV=10ð Þ2 ð3Þ
where n is the sample size and CV is the average coefﬁcient of variation
within the plot.
The samples size was found to be 10 points within each plot, which
was randomly selected between grass and trees.
All the measurements were carried out during daylight hours,
starting at 10:00 and ﬁnishing around 13:00 h. This time periodwas de-
termined by a pre-experiment, which compared CO2 emissions from
soil during the day and found that emission between 10:00 and 13:00
closely represented the average daily CO2 emissions from soil. CO2
ﬂuxes from soil were expressed in two units: (1) in g CO2-C in unit of
surface per day (g CO2-C m−2 day−1) to evaluate the CO2 emission
from soil to the atmosphere and (2) in g CO2-C per gram of soil C per
Fig. 2.Monthly rainfall and average monthly air temperature (A), soil temperature (n =
30) at 0–5 cm depth (B), CO2 emissions (Mean ± SE) from soil expressed as C-
CO2 g C−1d−1 (C) and g C-CO2 m−2 d−1 (D) form no burn (NB), annual burn (AB) and
annual mow (AM) treatments N = 30.
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soil. The CO2 emissionsmeasured from soil do not include the emissions
resulting from burning of plant residues.
2.5. Soil temperature and water content
Soil temperature (ST) and soil water content (SWC) were deter-
mined in conjunction with CO2 efﬂuxes at the 10 data points per plot.
ST was evaluated by a sensor connected to the soil chamber (LI-COR
6400-09) by inserting the thermocouple close to the measurement
points of CO2 emissions at a depth of 0–0.05 m. SWC was measured
for one season at the closest point to the CO2 chamber using a
Hydrosense soil moisture meter (Campbell Scientiﬁc, Inc., USA), cali-
brated by measurement of the meter responses at saturated soil.
2.6. Statistical analysis
Summary statistics were done for CO2-C emissions from soil under
NB, AB and AM during the whole study period, and summer and winter
periods were separated (Table 2). A coefﬁcient of variation was carried
out using all the data together. The CO2 emissions and soil properties
data were analyzed as a complete randomized block design using the
GENSTAT 14th Edition software. Since CO2 emissions from soil were
measured 24 times during the study period repeated analysis of vari-
ance was performed. There were systematic differences between slope
positions, which however were considered in the analysis of variance
as a block factor. Treatment means were compared using Tukey correc-
tions for multiple comparisons, with signiﬁcant differences deﬁned at
P b 0.05, unless speciﬁed otherwise. Finally, the study period and sea-
sonal cumulative CO2 emissions from soil for the treatment were com-
pared. The CO2 emissions from soil data were analyzed with regard to
the season (winter/summer) and also to the position in the slope, the
later having high contribution to the overall variability in data.
3. Results
3.1. Impact of treatments on soil properties
The mean ± SE of the soil bulk density (ρb), SOC content (SOCc),
SON content (SONc), SOC stocks (SOCs), SON stocks (SONs), C:N ratio
and mean weight diameter (MWD) in the top-soil (0–20 cm) for no
burning (NB), annual burning (AB) and annual mowing (AM) are re-
ported in Table 1. Annual mowing had the greatest ρb, while NB had
the least. AB soils were with 1.1 ± 0.0 g cm−3, 7% denser than NB
soils, while AM was 13% denser than NB soils. SOCc was 19% greater in
AB than NB, while AM was intermediate with average value of
27.2 g kg−1. SOCs show the same trend with 13% greater SOCs in AB
thanNB. SONcwas greatest in AB, followed byAMand least in NB. Final-
ly, soil aggregates stability, asmeasuredbyMWD,was highest inNBand
lowest in AM. All these differences were not signiﬁcant at p b 0.05.
3.2. Precipitation, air and soil temperature during the study period
The precipitation, average monthly air temperature and ST for the
study period (March 2013 to March 2015) are presented in Fig. 2. The
total annual precipitations were 631 mm in 2013 and 480 mm in
2014, with about 90% of the precipitation occurring in summerTable 1
Selected properties of top-soils (0–20 cm) under grassland and subjected to no burn (NB), ann
Treatments
ρb SOCc SONc
(g cm−3) (g kg−1) (g kg−1)
No burn (NB) 1.00 ± 0.2 25.7 ± 2.2 1.9 ± 0.1
Annual burn (AB) 1.07 ± 0.0 30.5 ± 0.9 2.1 ± 0.1
Annual mow (AM) 1.15 ± 0.0 27.2 ± 1.1 1.9 ± 0.1(Fig. 2A). The highest mean air temperature of 23 °C was recorded in
January and December 2014 and lowest (8 °C) in July 2013. Average
ST in AB of 23.4 °C was signiﬁcantly higher than AM (21.4 °C) and NB
(20.7 °C) (Fig. 2B). Overall, the average summer ST of 24 °C was signif-
icantly higher than that of winter whichwas 19 °C.While all treatments
had similar ST inwinters, the summerperiod STwas signiﬁcantly higher
in AB with average of 25.5 °C compared to NB with 22.5 °C, which was
not signiﬁcantly different from that of AM (23.3 °C).
3.3. Seasonal variation in ﬂuxes and cumulative CO2-C emissions from soil
Table 2 shows summary statistics of CO2-C emissions perm2 and gram
of C in the soil for the study period, broken down into summer andwinterual burn (AB) and annual mowing (AM) treatments. The values are means (n = 3) ± SE.
SOCs SONs
C:N ratio
MWD
(kg m−2) (kg m−2) (mm)
1.4 ± 0.2 0.1 ± 0.0 13.7 ± 1.1 2.5 ± 0.3
1.6 ± 0.1 0.1 ± 0.0 14.4 ± 0.8 2.3 ± 0.3
1.1 ± 0.5 0.1 ± 0.0 14.2 ± 0.5 1.8 ± 0.8
Table 2
Summary statistics of CO2-C emissions from soil perm2 andgramof carbon in the soil form
no burn (NB) annual burn, (AN) and annual mow (AM) treatments during the whole
study period, summer and winter. N = 24.
CO2-C
g CO2-C m−2 d−1 mg CO2-C g C−1 d−1
NB AB AM NB AB AM
All seasons
Mean 1.80b 2.34a 2.41a 1.05b 1.32a 1.35a
SD 1.08 1.57 1.48 0.63 0.89 0.83
Min 0.25 0.08 0.09 0.15 0.05 0.05
Median 1.84 2.11 2.41 1.07 1.19 1.31
Max 4.15 5.27 5.22 2.40 3.04 2.73
SE 0.13 0.19 0.17 0.07 0.11 0.10
CV 0.60 0.67 0.61 0.60 0.68 0.61
Summer
Mean 2.47b 3.21a 3.34a 1.44b 1.81a 1.87a
SD 0.81 1.37 1.06 0.48 0.78 0.59
Min 0.88 0.84 1.54 0.52 0.46 0.89
Median 2.51 3.23 3.33 1.45 1.85 1.89
Max 4.15 5.27 5.22 2.40 3.04 2.73
SE 0.13 0.21 0.17 0.07 0.12 0.09
CV 0.33 0.43 0.32 0.33 0.43 0.32
Winter
Mean 0.87a 1.12a 1.12a 0.51a 0.63a 0.63a
SD 3.16 3.16 3.16 3.16 3.16 3.16
Min 0.25 0.08 0.09 0.15 0.05 0.05
Median 0.62 0.65 0.64 0.36 0.37 0.37
Max 2.19 2.76 3.06 1.27 1.61 1.60
SE 0.59 0.59 0.59 0.59 0.59 0.59
CV 3.62 2.83 2.82 6.18 5.02 5.03
Means followed by different superscript letters (a–b) in the same row are signiﬁcantly dif-
ferent (P b 0.05).
Table 3
Coefﬁcients of determination (r) between CO2 emissions from soil per m2 and per gram of
carbon in the soil and multiple soil factors: top-soil organic carbon and nitrogen (SOCc;
SONc), SOC stocks (SOCs), SONstocks (SONs), carbon tonitrogen ratio (C:N), soil bulk density
(ρb); Mean weight diameter (MWD); soil temperature (ST); and soil water content (SWC).
SOCc SONc SOCs SONs C:N ρb MWD ST SWC
g CO2-C m−2 0.50⁎ 0.16 0.59⁎ −0.15 0.46⁎ 0.49⁎ 0.38⁎ 0.47⁎ 0.67⁎
g CO2-C gC−1 0.55⁎ 0.15 0.55⁎ −0.23 0.54⁎ 0.50⁎ 0.47⁎ 0.34⁎ 0.72⁎
⁎ Statistically signiﬁcant determinants at P b 0.05 level.
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C m−2 d−1 in NB during winter and the maximum was 3.34 g CO2-
C m−2 d−1 in AM during summer. The average daily CO2-C emissions
per m2 for the study period were signiﬁcantly lower in NB than AB and
AM, by 30% and 34%, respectively. When expressed as mg CO2-
C g C−1 d−1, the average CO2-C from soil was 26% and 29% lower in NB
than AB andAM, respectively. In both cases therewas no signiﬁcant differ-
ence between AB and AM. The greatest differences in CO2-C from soil (per
m2 and per gram of C in the soil) occurred during summer period, while
there were no signiﬁcant differences among the treatments in winter.
The results of CO2-C ﬂuxes from soil expressed either per area basis
or per gramof C in the soils are shown in Fig. 2C and D, respectively. The
patterns of CO2-C ﬂuxes from soil were similar in all treatments (NB, AB
and AM) during the study period with greatest ﬂuxes observed in sum-
mer fromOctober to April, and lowest inwinter fromMay to September.
Regardless of treatment, on average, 65% of CO2-C emissions from soil
occurred during summer, which coincided with greater precipitation
(90% of total annual rainfall) and highest air temperature (average
19 °C; Fig. 2). During summer periods, CO2-C ﬂuxes from soil were gen-
erally lower under NB than AB and AM, with greater differences at 12
out of 14 sampling events. However, there were no signiﬁcant differ-
ences between AB and AM during this period. During the winter pe-
riods, CO2-C emissions from soil in all treatments were statistically
similar. In addition, annual burning did not show signiﬁcant effect on
CO2-C emissions from soil during the winter period (Fig. 3).3.4. Controls of SOCs and CO2 emissions from soil
For all data sets, CO2 emissions from soil per unit of surface area in-
creased signiﬁcantly with the increase in SWC, SOCs, SOCc, ρb, ST and C:
N ratio, but decreased with the increasing of SONs (Table 3). CO2-C
expressed per gram of C in the soil shown the same trend, increasing
with SWC followed by SOCc and SOCs, C:N, ρb andMWD but decreased
with increasing SONs (Table 3).4. Discussion
4.1. Long-term burning and mowing impacts on CO2 emissions from soil
The overall 30% greater CO2 emissions from soil in AB than NB
(Table 2) implies signiﬁcant stimulation of CO2 emissions when grass-
land management changes from no burn to annual burn systems. This
ﬁnding is consistent with several studies worldwide which reported
greater CO2-C emissions from soil per m2 in “burn” compared to “no
burn” treatment (e.g. Knapp et al., 1998; Rutigliano et al., 2007; Ward
et al., 2007; Jia et al., 2012). The greater CO2 efﬂux from soil has been at-
tributed to an increase in nitrogen availability from burning which en-
hance microbial respiration. Another explanation could be a change in
organic matter quality consecutive to burning. Assuming that there is
a greater proportion of charcoal with low aggregation potential, the
charcoal lowers the soil aggregate stability and consequently the pro-
tection of C from the decomposers. There was, therefore, likely lower
C protection under long-term annual burning at the study sitewhich re-
sulted in NB having 26% lower CO2-C emissions per gram of C from soil
than in AB (Table 2). In support of this, some literature showed that the
SOC stability is strongly related to the stabilization of soil aggregates
(e.g. Singh et al., 2009; Carrizo et al., 2015). However, there are studies
who observed reductions (e.g. Ma et al., 2004) or no changes of CO2-C
emissions from soil in response to ﬁre (Castaldi et al., 2012), for exam-
ple, laboratory experiments by Guerrero et al. (2001) reported an in-
crease in aggregate stability after ﬁre despite a decrease in soil organic
matter.
Consistent with AB, AM stimulated greater CO2 emissions from soil
than NB during the study period, which agreed with the results by
Antonsen and Olsson (2005) and Li and Sun (2011). Mowing increases
ST due to the removal of vegetation and exposure of the top-soil to di-
rect sunlight, which enhances microbial activity and plant-roots
growth. Another explanation for stimulation of CO2 emissions from
soil bymowingwas given by Antonsen and Olsson (2005) who indicat-
ed the stimulation of arbuscular mycorrhizal fungi growth after mow-
ing. However, contrary to our results, some studies (e.g. Bremer et al.,
1998; Han et al., 2012; Jia et al., 2012), found mowing to decrease CO2
emissions from soil in comparison to NB and they attributed it to the re-
duction in canopy photosynthesis.
In the present study, lower CO2 emissions from the soil under NB
with tree encroachment than AB and AM were explained by difference
ofmicroclimatic conditions due to difference of soil cover. Tree coverage
can signiﬁcantly inﬂuence CO2 emissions from soils due do its effect on
soil microclimate (Smith and Johnson, 2004; McCulley et al., 2007). For
example, Smith and Johnson (2004) reported that soil respiration rate
in woodlands was 38% less compared to grasslands, which they ex-
plained by the change in the soil microclimate (moisture and tempera-
ture). Carbone et al. (2008) also reported 86% lower CO2 emissions from
NB encroached by shrubs than pure grass over ﬁve months (910 vs.
126 g C m−2), which was attributed to differences in soil water avail-
ability and below ground C allocation and plant productivity. However,
Smith and Johnson (2004) found no difference in ﬁne root biomass be-
tween grasslands and woodlands.
Fig. 3. Cumulativemeans± SE of daily CO2 ﬂuxes (g C-CO2m−2) from soil for no burn (NB), annual burn (AB) and annualmow (AM) treatments for (A) summer and (B)winter and daily CO2
emissions (mgC-CO2 g C−1) for (C) summer and (D)winter.Within the same season andCO2 emissions unit, different lower case letter indicates signiﬁcant differences between the treatments.
85K. Abdalla et al. / Geoderma 282 (2016) 80–864.2. Seasonal change effects on CO2 emissions from soil
In the present study, signiﬁcant differences in CO2-C per m2 and per
g of C in the soil between treatments were only observed in summer
(rainy) seasons (Table 2 and Fig. 2) coinciding with high precipitation,
air and ST, which was consistent with what Chen et al. (2002) found
in relatively similar conditions in the tropical savannah of northernAus-
tralia. They found that 70% of CO2-C emissions from soil were emitted
during rainy seasons, where 95% of the precipitation occurred during
this period. The greater CO2-C emissions from soil during the summer
seasons were attributed to higher temperature and precipitation. In
this study, CO2-C emissions from soil were positively correlated to ST
(r=0.47 and 0.34 for CO2-C perm2 and per g of C in the soil, respective-
ly) and SWC (r= 0.67 and 0.72 for CO2-C per m−2 and per g of C in the
soil, respectively). It is well known that soil temperature andwater con-
tent are themost essentialmicroclimatic factors controllingCO2-C emis-
sions from soils. Thus, the absence of signiﬁcant differences in CO2
emissions from soil among the treatments over the dry period can be
explained by lower soil moisture in the root zone, which reduces ﬁne
root growth and soil microbial activity (Chen et al., 2002).4.3. Relevance of grassland burning for C emissions in Africa: end note
Since burning will also produce CO2 and other greenhouse gases
such as CO, NOx and non-methane hydrocarbons (Jain et al., 2006)
and the fact that burned area represents up to 80% of the total grassland
area in some region (Csiszar et al., 2005), the implications onGHG to the
atmosphere through AB at global scale are huge. Annual burning and
respiration have already been reported to induce signiﬁcant C losses
into the atmosphere (van der Werf et al., 2006), it suggests N95% of
the 58 Pg C year−1 ﬁxed by plant through net primary production
would eventually be emitted into the atmosphere. Van der werf et al.
(2006) estimated the greatest emissions as a result of biomass burningto come from Africa (49%), South America (13%), equatorial Asia (11%),
boreal regions (9%), and Australia (6%).
5. Conclusions
In this study performed on long-term (62-years) grasslandmanage-
ment trial in South Africa, CO2-C emissions from soil under no burned
grasslands were compared to annual burning and mowing treatments.
Annual burning and mowing resulted in 30% and 34%, respectively,
greater CO2-C emissions per m2 than no-burning. These differences
could be explained by lower stability of SOC in annual burning treat-
ment. Since in this study the higher the aggregation (meanweight dim-
eter), the lower theCO2ﬂuxes fromsoil whichpropose a decrease in soil
organic matter physical protection occurs upon annual burning and
mowing and that is likely to be one of the causes of the increased CO2
efﬂux from soil compared to no-burned grasslands.
They are several implications of these results. The ﬁrst one is that
burning, which is a common practice in grasslands of the developing
world, should be avoided because of a signiﬁcant increase in CO2 emis-
sions from soil. Greenhouse gases other than CO2 are also emitted dur-
ing burning and these need to be further investigated. This result
directly implies that alternative grassland management practices have
to be found. While burning abandonment appeared to lessen CO2 emis-
sions, it poses amajor threat to forage production as grass species get re-
placed by woody ones. The third implication is that grass mowing is
beneﬁcial for avoiding the release of ﬁre-derived GHGs emissions and
maintaining the grass sward in good conditions. Mowing, however,
slightly decrease grass palatability (Fynn et al., 2004) and this might
constitute a major limitation for its broad adoption.
There is a need to ﬁnd grassland management emitting low amount
of CO2 while sustaining high grass diversity. Following our results, a
combination of mowing and burning and/or controlled grazing (such
as the high density short duration one: Chaplot et al., 2016) should be
tested. Further research needs also to be performed on the underlying
86 K. Abdalla et al. / Geoderma 282 (2016) 80–86reasons of the variation in CO2 emissions from soil between different
treatments.Acknowledgment
This work was funded byWater Research Commission (projects K5/
2266), South Africa. The authors gratefully acknowledge Centre of
Water Resources Research and Soil Sciences Department of the Univer-
sity of KwaZulu-Natal and Institut de Recherche pour le Développement
(IRD), France for providing support, facilities and assistance. Final
thanks to the PROTEA grant (Project DOC-SA, 33922XE).References
Andersson, M., Michelsen, A., Jensen, M., Kjoller, A., Gashew, M., 2004. Carbon stock, soil
respiration and microbial biomass in ﬁreprone tropical grassland, woodland and for-
est ecosystems. Soil Biol. Biochem. 36, 1707–1717.
Ansley, R.J., Dugas, W.A., Heuer, M.L., Kramp, B.A., 2002. Bowen ratio/energy balance and
scaled leaf measurements of CO2 ﬂux over burned Prosopsis savannah. Ecol. Appl. 12,
948–961.
Antonsen, H., Olsson, P.A., 2005. Relative importance of burning, mowing and species
translocation in the restoration of a former boreal hayﬁeld: responses of plant diver-
sity and the microbial community. J. Appl. Ecol. 42, 337–347.
Bahn, M., Knapp, M., Garajova, Z., Pfahringer, N., 2006. Root respiration in temperate
mountain grasslands differing in land use. Glob. Chang. Biol. 12, 995–1006.
Batjes, N.H., 1996. Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. 47,
151–163.
Behling, H., Pillar, V.D., 2007. Late quaternary vegetation, biodiversity and ﬁre dynamics
on the southern Brazilian highland and their implication for conservation and man-
agement of modern Araucaria forest and grassland ecosystems. Philos. Trans. R. Soc.
362, 243–251.
Blüthgen, N., Dormann, C.F., Prati, D., Klaus, V.H., Kleinebecker, T., Hölzel, N., Alt, F., Boch,
S., Gockel, S., Hemp, A., 2012. A quantitative index of land-use intensity in grasslands:
integrating mowing, grazing and fertilization. Basic Appl. Ecol. 13, 207–220.
Boakye, M.K., Little, I.T., Panagosl, M.D., Jansen, R., 2013. Effects of burning and grazing on
plant species percentage cover and habitat condition in the highland grassland of
Mpumalanga Province, South Africa. J. Anim. Plant Sci. 23, 603–610.
Bremer, D.J., Ham, J.M., Owensby, C.E., Knapp, A.K., 1998. Responses of soil respiration to
clipping and grazing in a tallgrass prairie. J. Environ. Qual. 27, 1539–1548.
Carbone, M.S., Winston, G.C., Trumbore, S.E., 2008. Soil respiration in perennial grass and
shrub ecosystems: linking environmental controls with plant and microbial sources
on seasonal and diel timescales. J. Geophys. Res. 113, G02022. http://dx.doi.org/10.
1029/2007JG000611.
Carrizo, M.E., Alesso, C.A., Cosentino, D., Imhoff, S., 2015. Aggregation agents and structur-
al stability in soils with different texture and organic carbon contents. Sci. Agric. 72,
75–82.
Castaldi, S., de Grandcourt, A., Rasile, A., Skiba, U., Valentini, R., 2012. CO2, CH4 and N2O
ﬂuxes from soil of a burned grassland in Central Africa. Biogeosciences 7, 3459–3471.
Chaplot, V., Dlamini, P., Chivenge, P., 2016. Potential of grassland rehabilitation through
high density-short duration grazing to sequester atmospheric carbon. Geoderma
271, 10–17.
Chen, X., Eamus, D., Hutley, L., 2002. Seasonal patterns of soil carbon dioxide efﬂux from a
wet-dry tropical savanna of northern Australia. Aust. J. Bot. 50, 43–51.
Csiszar, I., Denis, L., Giglio, L., Justice, C.O., Hewson, J., 2005. Global ﬁre activity from two
years of MODIS data. Int. J. Wildland Fire 14, 117–130.
D'Ascoli, R., Rutigliano, F.A., De Pascale, R.A., Gentile, A., Virzo De Santo, A., 2005. Function-
al diversity of the microbial community in Mediterranean maquis soils as affected by
ﬁres. Int. J. Wildland Fire 14, 355–363.
Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen and phosphorus in native and
cultivated soils. Soil Sci. Soc. Am. J. 50, 627–633.
Fynn, R.W.S.l., Morris, C.D., Edwards, T.J., 2004. Effect of burning andmowing on grass and
forb diversity in a long-term grassland experiment. Appl. Veg. Sci. 7, 1–10.
Fynn, R.W., Morris, C.D., Edwards, T.J., 2005. Long-term compositional responses of a
South African mesic grassland to burning and mowing. Appl. Veg. Sci. 8, 5–12.
Granged, A.J.P., Zavala, L.M., Jordán, A., Bárcenas-Moreno, G., 2011. Post-ﬁre evolution of
soil properties and vegetation cover in aMediterranean heathland after experimental
burning: a 3-year study. Geoderma 164, 85–94.
Grossman, R.B., Reinsch, T.G., 2002. Bulk density and linear extensibility. In: Dane, J.H.,
Topp, G.C. (Eds.), Methods of Soil Analysis: Part 4. Physical Methods. Soil Science So-
ciety of America Inc., Madison, WI, pp. 201–225.
Guerrero, C., Mataix-Solera, J., Navarro-Pedreño, J., García-Orenes, F., Gómez, I., 2001. Dif-
ferent patterns of aggregate stability in burned and restored soils. Arid Land Res.
Manag. 15, 163–171.Hamilton, E.W., Frank, D.A., Hinchey, P.M., Murray, T.R., 2008. Defoliation induces root ex-
udation and triggers positive rhizospheric feedbacks in a temperate grassland. Soil
Biol. Biochem. 40, 2865–2873.
Han, Y., Zhang, Z., Wang, C., Jiang, F., Xia, J., 2012. Effects of mowing and nitrogen addition
on soil respiration in three patches in an oldﬁeld grassland in Inner Mongolia. J. Plant
Ecol. 5, 219–228.
Healy, R.W., Striegl, R.G., Russell, T.F., Hutchinson, G.L., Livingston, G.P., 1996. Numerical
evaluation of static-chamber measurements of soil–atmosphere gas exchange: iden-
tiﬁcation of physical processes. Soil Sci. Soc. Am. J. 60, 740–747.
Jain, A.K., Tao, Z., Yang, X., Gillespie, C., 2006. Estimates of global biomass burning emis-
sions for reactive greenhouse gases (CO, NMHCs, and NOx) and CO2. J. Geophys.
Res. 111, D06304. http://dx.doi.org/10.1029/2005JD006237.
Jia, X., Shao, M., Wei, X., 2012. Responses of soil respiration to N addition, burning and
clipping in temperate semiarid grassland in northern China. Agric. For. Meteorol.
166–167, 32–40.
Kemper, W.D., Rosenau, R.C., 1986. Aggregate stability and size distribution. In: Klute, A.
(Ed.), Methods of Soil Analysis. Soil Science Society of American Journal, Madison
WI, pp. 425–442.
Knapp, A.K., Conard, S.L., Blair, J.M., 1998. Determinants of soil CO2 ﬂux from a sub-humid
grassland: effect of ﬁre and ﬁre history. Ecol. Appl. 8, 760–770.
Li, G., Sun, S., 2011. Plant clipping may cause overestimation of soil respiration in a Tibet-
an alpine meadow, southwest China. Ecol. Res. 26, 497–504.
Ma, S., Chen, J., North, M., Erickson, H.E., Bresee, M., Le Moine, J., 2004. Short-term effects
of experimental burning and thinning on soil respiration in an old-growth, mixed-co-
nifer forest. Environ. Manage. 33, 148–159.
McCulley, R.L., Boutton, T.W., Archer, S.R., 2007. Soil respiration in a subtropical savanna
parkland: response to water additions. Soil Sci. Soc. Am. J. 71, 820–828.
Montané, F., Rovira, P., Casals, P., 2007. Shrub encroachment into mesic mountain grass-
lands in the Iberian peninsula: effects of plant quality and temperature on soil C
and N stocks. Glob. Biogeochem. Cycles 21, GB4016. http://dx.doi.org/10.1029/
2006GB002853.
Nardoto, G.B., Bustamante, M.M.d.C., 2003. Effects of ﬁre on soil nitrogen dynamics and
microbial biomass in savannas of Central Brazil. Pesq. Agrop. Brasileira 38, 955–962.
Ojima, D., Schimel, D.S., Parton, W.J., Owensby, C.E., 1994. Long and short-term effects of
ﬁre on nitrogen cycling in tallgrass prairie. Biogeochemistry 24, 67–84.
Peng, Q., Dong, Y., Qi, Y., Xiao, S., He, Y., Ma, T., 2011. Effects of nitrogen fertilization on soil
respiration in temperate grassland in Inner Mongolia, China. Environ. Earth Sci. 62,
1163–1171.
Rutigliano, F., De Marco, A., D'Ascoli, R., Castaldi, S., Gentile, A., De Santo, A.V., 2007. Im-
pact of ﬁre on fungal abundance and microbial efﬁciency in C assimilation and
mineralisation in a Mediterranean maquis. Biol. Fertil. Soils 44, 377–381.
Singh, S., Mishra, R., Singh, A., Ghoshal, N., Singh, K., 2009. Soil physicochemical properties
in a grassland and agroecosystem receiving varying organic inputs. Soil Sci. Soc. Am. J.
73, 1530–1538.
Singh, R.S., Raghubanshi, A.S., Singh, J.S., 1991. Nitrogen mineralization in dry tropical sa-
vanna: effects of burning and grazing. Soil Biol. Biochem. 23, 269–273.
Smith, D.L., Johnson, L., 2004. Vegetation-mediated changes in microclimate reduce soil
respiration as woodlands expand into grasslands. Ecology 85, 3348–3361.
Suttie, J.M., Reynolds, S.G., Batello, C., 2005. Grasslands of theWorld. Food and Agricultur-
al Organization of the United Nations, Rome, Italy.
Tainton, N.M., 1999. Veld Management in South Africa. University of Natal Press, Pieter-
maritzburg, p. 364.
Tainton, N.M., Booysen, P.d.V., Bransby, D.I., Nash, R.C., 1978. Long term effect of burning
and mowing on tall grassveld in Natal: dry matter production. Proceedings of the
Grassland Society of South Africa. 13, pp. 41–44.
Trollope, W., 1980. Controlling bush encroachment with ﬁre in the savanna areas of South
Africa. Proceedings of the Annual Congresses of the Grassland Society of Southern Af-
rica. 15, pp. 173–177.
Van der Werf, G.R., Randerson, J.T., Giglio, L., Collatz, G.J., Kasibhatla, P.S., Arellano Jr., A.F.,
2006. Inter-annual variability in global biomass burning emissions from 1997 to
2004. Atmos. Chem. Phys. 6, 3423–3441.
Wan, S., Luo, Y., 2003. Substrate regulation of soil respiration in a tallgrass prairie: results
of a clipping and shading experiment. Glob. Biogeochem. Cycles 17, 1–12.
Wang, W., Zeng, W., Chen, W., Zeng, H., Fang, J., 2013. Soil respiration and organic carbon
dynamics with grassland conversions to woodlands in temperate China. PLoS One 8,
e71986. http://dx.doi.org/10.1371/journal.pone.0071986.
Ward, S.E., Bardgett, R.D., McNamara, N.P., Adamson, J.K., Ostle, N.J., 2007. Long-term con-
sequences of grazing and burning on northern peatland carbon dynamics. Ecosys-
tems 10, 1069–1083.
WRB-FAO, 2006. World reference base for soil resources. World Soil Resources Report No.
103. Rome, Italy.
Xu, W., Wan, S., 2008. Water- and plant-mediated responses of soil respiration to topog-
raphy, ﬁre, and nitrogen fertilization in a semiarid grassland in northern China. Soil
Biol. Biochem. 40, 679–687.
Zhou, Z., Sun, O.J., Huang, J., Li, L., Liu, P., Han, X., 2007. Soil carbon and nitrogen stores and
storage potential as affected by land-use in an agro-pastoral ecotone of northern
China. Biogeochemistry 82, 127–138.
